Predicting the consequences of highly energetic particle beams impacting protection devices as collimators or high power target stations is a fundamental issue in the design of state-ofthe-art facilities for high-energy particle physics. These complex dynamic phenomena, which may induce material phase transitions, extended density changes, shock waves generation, explosions, material fragment projections etc., have been successfully simulated resorting to highly non-linear numerical tools (Hydrocodes). In order to produce accurate results, however, these codes require reliable material constitutive models that, at the extreme conditions induced by a destructive beam impact, are scarce and often inaccurate. In order to derive or validate such models (Equations of State, Strength Models, Failure Models), a comprehensive, first-of-its-kind experiment has been recently carried out at CERN HiRadMat facility: performed tests entailed the controlled impact of intense and energetic proton pulses on a number of specimens made of six different materials. Experimental data were acquired, mostly in real time, relying on extensive embedded instrumentation (strain gauges, temperature and vacuum sensors) and on remote acquisition devices (laser Doppler vibrometer and high-speed camera). The dynamic ranges of the digital acquisition system were sufficient to acquire the very fast and intense shock waves generated by the impact. The high speed video camera allowed capturing a number of frames during the time of flight of the material fragments projected away from impacted specimens. This information is then benchmarked against advanced numerical simulations. Preliminary results of the tests are discussed. In depth post-irradiation analyses are foreseen once the specimens have reached a sufficiently low level of activation. The experimental method presented in this paper may find applications to test materials under very high strain rates and temperatures in domains well beyond particle physics (severe accidents in fusion and fission nuclear facilities, space debris impacts, fast and intense loadings on materials and structures etc.).
Summary
Predicting the consequences of highly energetic particle beams impacting protection devices as collimators or high power target stations is a fundamental issue in the design of state-ofthe-art facilities for high-energy particle physics. These complex dynamic phenomena, which may induce material phase transitions, extended density changes, shock waves generation, explosions, material fragment projections etc., have been successfully simulated resorting to highly non-linear numerical tools (Hydrocodes). In order to produce accurate results, however, these codes require reliable material constitutive models that, at the extreme conditions induced by a destructive beam impact, are scarce and often inaccurate. In order to derive or validate such models (Equations of State, Strength Models, Failure Models), a comprehensive, first-of-its-kind experiment has been recently carried out at CERN HiRadMat facility: performed tests entailed the controlled impact of intense and energetic proton pulses on a number of specimens made of six different materials. Experimental data were acquired, mostly in real time, relying on extensive embedded instrumentation (strain gauges, temperature and vacuum sensors) and on remote acquisition devices (laser Doppler vibrometer and high-speed camera). The dynamic ranges of the digital acquisition system were sufficient to acquire the very fast and intense shock waves generated by the impact. The high speed video camera allowed capturing a number of frames during the time of flight of the material fragments projected away from impacted specimens. This information is then benchmarked against advanced numerical simulations. Preliminary results of the tests are discussed. In depth post-irradiation analyses are foreseen once the specimens have reached a sufficiently low level of activation. The experimental method presented in this paper may find applications to test materials under very high strain rates and temperatures in domains well beyond particle physics (severe accidents in fusion and fission nuclear facilities, space debris impacts, fast and intense loadings on materials and structures etc.).
Introduction
The introduction in recent years of new, extremely energetic particle accelerators such as the Large Hadron Collider (LHC) [1] brought about the need for advanced cleaning and protection systems in order to safely increase the energy and intensity of particle beams to unprecedented levels [2] .
A key element of the cleaning and protection system is constituted by collimators ( Fig.  1 ) [3] , which are designed to intercept and absorb the intense particle losses unavoidably induced in accelerators and to shield other components from the catastrophic consequences of beam orbit errors [4] .
Furthermore, recent ambitious programs for the development of accelerator facilities, aimed at the massive production of elusive particles such as neutrinos or muons, rely on target systems submitted to the impact of proton beams at extraordinary intensities (impact power up to 5 MW) [5] . Therefore, it is paramount to assess the responses to such potentially destructive events of materials presently used, or being developed for future use, in beam intercepting devices (collimators, targets, dumps, absorbers, spoilers, windows etc.).
Complex numerical methods have been used to study the dynamic phenomena, such as phase transitions, density changes, generation and propagation of shock waves, explosions, -3 -fragment projections, generated in matter when it is impacted by beams made of highly energetic particles. Unfortunately, the material models which are required to perform such simulations, at the extreme conditions, as to temperature, pressure and density, induced by such impacts, are hardly available in scientific literature; besides, most of the existing information is often classified as it is drawn from military research mainly related to nuclear weaponry. Finally, very little data can be found for non-conventional alloys and compounds.
The experiment presented in the following sections has been devised precisely to bridge this knowledge gap and gather experimental data upon which building and/or validating reliable material constitutive models. 
Thermally-induced dynamic phenomena
It is well known that the rapid interaction of highly energetic particle beams with matter induces dynamic responses in the impacted structure [6] , [7] . The nature, intensity and time scale of these responses depend on several parameters, mainly deposited energy and energy density, interaction duration, physical and mechanical properties of the impacted material. Three dynamic regimes can be identified at increasing deposited energy, namely elastic stress waves, plastic stress waves and shock waves [8] .
Elastic stress waves are encountered in cases of relatively low energetic impacts, when induced dynamic stresses do not exceed the material yield strength. Changes of density are negligible and pressure waves propagate at the elastic sound speed (C 0 ) without plastic deformation. These phenomena can be effectively treated with standard implicit FEM codes [9] or, in some cases, even with analytical methods [10] .
Once the dynamic stresses exceed the material yield strength, plastic stress waves appear propagating at velocities slower than the elastic sound speed (C < C 0 ). Changes of density can still be considered negligible. This regime can be treated, at an acceptable degree of approximation, with standard implicit FEM codes [11] .
-4 -When the deposited energy is high enough to increase strains and stresses over a critical threshold for stresses and strains, a shock wave is formed propagating at a velocity higher than C 0 , potentially leading to severe damages in the affected component. A shock wave is characterized by a sharp discontinuity in pressure, density and temperature across its front.
Material modelling and advanced simulation tools
When dealing with changes of phase and significant changes of density, one has to resort to a new class of wave propagation codes, known as hydrocodes. These are highly non-linear finite element tools, using explicit time integration schemes, developed to study very fast and intense loadings on materials and structures [12] . Hydrocodes take their name from the original assumption of pure fluid-like behaviour of the impacted solids, which is typically acceptable when achieved stresses greatly exceed the flow strength of the material and the stress tensor can be reduced to its hydrostatic component only; nowadays the deviatoric behaviour (responsible for material strength) is also taken into account; however the original name is still widely used.
Hydrocodes usually rely on complex material constitutive models encompassing a very large range of densities and temperatures, which, unlike implicit FEM codes, may include large changes of density and phase transitions. Strength and failure models are also more complicated as they have to account for the effects of strain rate, temperature, changes of density etc.
Equations of State (EOS) are integrated in the hydrocode to model the behaviour of materials under any state and condition. They typically provide the evolution of pressure as a function of density, temperature and energy. Most widely adopted analytical EOS are Shock, Tillotson [13] and Mie-Gruneisen; however their application is limited since analytical modelling can describe only a single phase region of the EOS. A tabular EOS, such as SESAME [14] , can be employed to appreciate material behaviour over different phases without loss in precision. Additionally, polynomial EOS can be interpolated from tabular data.
To model the behaviour of materials in the extreme conditions due to shock wave propagation, an advanced yielding criterion is needed. The model must take into account, in addition to strain, the strain rate (which in case of shock waves can be as high as 10 6 s -1 ) and the temperature (above melting point the material practically loses its shear strength and behaves as a fluid). Most used models are Johnson-Cook [14] , Steinberg-Guinan [16] and Johnson-Holmquist [17] .
On the same basis, dynamic failure models must consider many factors such as strain, strain rate, temperature, maximum and minimum pressure, fracture toughness, etc. In addition, failure criteria also depend on the type of failure and on the mesh used for the simulation. Examples are Maximum Plastic Strain failure criterion, Minimum Hydrostatic Pressure failure criterion and Grady spall model [18] .
Numerical Simulations
A considerable experience in computation of materials and structures under extreme conditions, using state-of-the-art hydrodynamic codes (mainly Autodyn® [19] and LS-Dyna® [20] ), has been gathered in recent years at CERN and Politecnico di Torino, partly in the frame of the European Collaboration for Accelerator Research and Development (EuCARD) [21] .
These numerical methods are extensively adopted in the design and analysis of complex devices: 3D models routinely encompass several materials and components, with complicated geometries and involve numerical complications like unilateral contacts, interface between parts modeled with different algorithms, impacts, compenetration etc.
The energy deposition maps which are required to perform these studies are computed by Monte-Carlo particle transport codes such as FLUKA [22] , [23] . The deposited energy distribution depends on the density of the impacted material; hence a coupling between the transport code and the hydrocode may be necessary if the density significantly changes during -5 -the time of impact. In the following sections two examples are provided, with and without code coupling.
Transport code / Hydrodynamic code uncoupled solution
The simulation aimed at assessing the consequences of the accidental impacts of proton pulses on the jaw of a Tertiary Collimator for the LHC (Fig. 2) [24] . The core of the collimator jaw is composed of five blocks made of Inermet® 180, a commercial tungsten heavy alloy.
The impinging proton pulses are constituted by trains of bunches of 1.3x10 11 particles each with energy up to 5 TeV, spaced by 25 ns. Several accident cases, with different degrees of intensity (up to 8 bunches) were simulated; energy deposition maps were obtained from FLUKA. Two complementary 3D models were implemented in Autodyn: 1) a Lagrangian model of the whole collimator jaw and 2) a shorter model of a portion of the collimator, modelled by the Smoothed Particle Hydrodynamics technique (SPH) [25] , to simulate the high-speed ejection of particles towards the surrounding structures.
Figure 2. Jaw assembly of a LHC Tertiary collimator
The impact of every particle bunch with matter provokes a sudden increase in temperature and pressure, which in turn generates an outbound shock wave. The rarefaction wave that follows may in turn lead to a substantial reduction in density; hence, one should in principle update the FLUKA model for each bunch and re-perform the simulation with the new density map, as changes in density substantially affect the deposited energy distribution. However, for the simulated accident cases, the change of density during the impact of the bunch train was found negligible: therefore the energy distribution map calculated in the initial state could be used throughout the whole simulation.
It was also found that a key role in determining the damage extension induced by beam impacts on a composite structure is played by the shock impedance matching between adjoining components. Shock impedance in a given material is defined as [26] :
where ρ 0 is the initial density and U s is the shock velocity. Due to the large impedance mismatch between tungsten and copper (high Z W / Z Cu ratio), most of the wave energy is confined inside the Inermet blocks: this limits the damage produced in other critical components such as the cooling pipes (Fig. 3) . The primary factor determining the extent of damage to the jaw is the total deposited energy. Even in the less destructive cases, a sizeable plastic deformation is found on the copper support and on the cooling circuit; a groove on the surface of impacted Inermet blocks, which can be reproduced with the SPH technique, is also generated while Inermet fragments are projected towards the opposite jaw (Fig. 4) . An experiment was performed in August 2012 at CERN HiRadMat facility [27] in order to assess the damage extensions in case of accidental beam impact on a LHC tertiary collimator and to benchmark these simulations: the two jaws of a complete collimator were impacted by proton beams at different intensities [28] . Direct observations on the induced damage will be possible in early 2013.
-7 -
Transport code / Hydrodynamic code coupled solution
In the previous example the energy deposition calculated for the first bunch on the pristine material was maintained also for subsequent bunches since the change of density induced by the impinging particles was found to be negligible for the duration of the impact. The same approach was followed for similar calculations on other structures [29] . As discussed above, however, the rarefaction wave following the compression shock wave generated by prolonged intense impacts may significantly reduce material density. If subsequent bunches arrive after a lapse of time sufficiently long to allow the rarefaction wave to develop, particles will experience a considerable increase of interaction length and penetrate deeper in matter due to density reduction which, along with temperature rapid augmentation, may also lead to changes of phase, plasma generation and formation of cavities in the core of the material.
A procedure, which takes into account the change of density through iterative coupling between LS-DYNA and FLUKA codes, has recently been developed [30] . The case presented is that of a tungsten cylindrical target impacted at its centre by 30 LHC bunches at the energy of 7 TeV.
Results of the first FLUKA simulation, performed on pristine material, are uploaded in the LS-DYNA mechanical model. Then, for each bunch, the algorithm performs the following operations:
a. Immediately before the impact of bunch n, gets from LS-DYNA the density map induced by the impact of all previous bunches. b. Updates the regions of the FLUKA model which underwent significant density changes. c. Runs a new FLUKA calculation to be imported in LS-DYNA simulating the impact of bunch n. Results show that the density variation leads to some reduction of deposited energy at each bunch: as shown in Fig. 5 , the energy deposition peak is penetrating deeper and deeper at each successive bunch. Comparison with the uncoupled solution shows that pressure is also affected: its maximum value decreases as the shock wave penetrates into the material, in the beam axis direction. Results also confirm that the differences between coupled and uncoupled analyses are significant only when a substantial density reduction occurs: for the studied cases more than 8 bunches are necessary.
-8 - 
The HRMT-14 Experiment at CERN HiRadMat Facility

Introduction to the experiment
As shown above, hydrocodes are powerful tools which allow treating extremely complex dynamic phenomena, but require as well, to provide reliable results, constitutive models sufficiently accurate for all the conditions materials may undergo during such events.
In order to gather experimental data for a comprehensive characterization of relevant materials, a specific test (HRMT-14) was performed in October 2012 in the HiRadMat facility. The experimental setup consisted of a multi-material sample holder allowing to test specimens of six different materials impacted by proton beams of different intensity, at the energy of 440 GeV.
The specimens were designed in order to generate relatively simple stress waves, with mainly radial and axial components, propagating from the centre of the specimen. These waves were to be measured on the outer face of the specimens by acquiring in real time axial and hoop strains and radial velocity.
Methods traditionally used to experimentally derive EOS rely on the generation of plane waves (Flyer plate, Hopkinson's bar, Taylor's test) in uniaxial strain regime, relatively simple to interpret and study [32] .
However, when energy is rapidly deposited inside solids, as it is the case for the interaction of intense particle beams with matter, the propagating stress waves cannot be treated with the uniaxial strain assumption. The method adopted to validate or define equations of state is hence rather different: intensities, shapes and frequencies of stress waves measured on outer surfaces of specimens are benchmarked against those anticipated by numerical simulations. In case of good agreement between simulations and experiment, one may reasonably conclude that the constitutive models, essentially derived from theoretical investigations, are acceptable, at least from an integral point of view.
On top of strain gauges, optimized to collect data at very high sampling rates to fit expected shock wave profiles with sufficient accuracy, additional instrumentation was also installed, namely temperature sensors, microphones and vacuum pressure gauges. Projections of particles generated by the beam impact on specimens were filmed by a high-speed camera.
Tested Materials
Three of the tested materials were relatively conventional pure metals or metallic alloys: Inermet® 180, Glidcop® AL-15 and Molybdenum. Three novel composites, currently under intense development at CERN, were also tested, namely Molybdenum-Copper-Diamond (MoCuCD), Copper-Diamond (CuCD) and Molybdenum-Graphite(-Carbon Fibers) (MoGR) [31] .
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Inermet® 180
Inermet® 180 is a commercial tungsten heavy alloy which combines excellent thermal and mechanical properties with high density.
The material is obtained by liquid-phase sintering of a powder mixture composed of tungsten (95%), nickel (3.5%) and copper (1.5%); 100µm-large tungsten grains are immersed in the low-melting Ni-Cu phase which provides thermal and electrical continuity. Besides, nickel enhances the diffusion of tungsten atoms through the grain borders improving particle adhesion, thus increasing mechanical properties [33] . 
Molybdenum
Molybdenum is produced by sintering pure powders at temperatures over 2000 ˚C; the material is later cold-worked to achieve 50% reduction in thickness. In the lamination direction, the fracture elongation can thus reach up to 40%. The microstructure is made of stretched Mo grains with small inclusions, mostly of Mo 2 C, finely dispersed into the matrix (Fig. 8) . 
Glidcop® AL-15
Glidcop® AL-15 is an alumina-strengthened copper produced from copper grains with a small percentage of aluminium, mixed with copper oxide powders. The solid-state reaction generates alumina particles (Fig. 8) , finely dispersed into the matrix, which reduce dislocation movements and grain growth at high temperatures. As a result, the material keeps good -10 -mechanical strength at high temperatures, while maintaining thermo-physical properties comparable to those of pure copper.
Molybdenum-Copper-Diamond (MoCuCD)
Molybdenum-Copper-Diamond is a novel composite material jointly developed by CERN and an Italian SME, BrevettiBizz (Verona): goal of the R&D program is to combine the mechanical strength and electrical conductivity of metals with the high thermal properties, low CTE and low density of diamond.
The material is obtained by liquid-phase sintering of small synthetic diamonds (40%), pure molybdenum (35%) and pure copper powders (25%) through rapid hot-pressing. During the sintering process at 1200°C, molybdenum forms stable carbides on the surface of diamonds, improving mechanical adhesion of the elements; on the other hand, the temperature is not high enough to completely sinter molybdenum grains: the addition of a low-melting filler increases the compaction rate (Fig. 9) . Copper also enhances thermal and electrical properties. 
Copper-Diamond (CuCD)
Copper-Diamond (CuCD) has been developed by AIT (Austrian Institute of Technology, Seibersdorf, A), now RHP-Technology, and studied for particle accelerator applications in the frame of the EuCard collaboration.
CuCD is made of 60% synthetic diamonds, 39% copper powder and 1% boron powder, mixed and sintered by rapid hot pressing: diamonds enhance the material thermal conductivity while decreasing density. Boron forms carbides at diamond interfaces and slightly dissolves in copper, assuring mechanical bonds between the two main phases. This interface has however inherent limitations due to the brittleness of boron carbides and to its reduced extent.
Molybdenum-Graphite composites (MoGR)
The presence of low-melting phases inside MoCuCD and CuCD strongly affects the resistance of these materials in case of beam impacts [34] . To overcome this limitation, a new family of composites in under development at CERN and BrevettiBizz: Molybdenum-Graphite (MoGR).
The preferential recrystallization of {1000} graphite planes during rapid hot pressing at temperatures up to 2200º C leads to a heavily anisotropic structure, assuring high thermal -11 - properties in the principal direction and fair mechanical properties. The high mobility of carbon atoms favours a solid-state reaction between molybdenum and graphite, which generate Mo 2 C; a secondary MoC phase, finely dispersed inside the primary carbide phase, is also formed. Fig.  10 (left) shows recrystallized graphite grains (black), Mo 2 C primary phase (light grey) and MoC inclusions (black acicular bands inside the Mo 2 C grains).
In order to further increase the thermal properties of MoGR, the addition of carbon fibres is currently under development; first tests show that thermal conductivity is substantially increased, although fibres tend to lower the compaction rate, somehow reducing mechanical strength. Further developments are therefore aiming at minimizing material porosities.
MoGR specimens, both with and without carbon fibres, were tested during the HRMT-14 experiment. 
Test-bench layout
The test-bench was primarily constituted by a vacuum vessel and a specimen housing featuring 12 material sample tiers arranged in two rows of six (Fig. 11) . Figure 11 . General assembly of the HRMT-14 test-bench. - 
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The specimen housing could be accurately positioned via a two degrees-of-freedom actuation system. The 300-mm vertical travel permitted to align with the beam axis each of the six tiers, while the 120-mm lateral movement permitted to switch between the two arrays.
Two different specimen shapes were chosen for each material to be tested: cylindrical disks (type 1) for medium intensity tests, to measure axially symmetric shock waves; cylinders with a half-moon cross section (type 2) for high intensity tests, allowing extreme surface phenomena (melting, material explosion, debris projections etc.) to be visualized and optically acquired. The diameter of both sample types is 40 mm, their length 30 mm. The flat surface of type 2 is 2 mm from the centre of the cylinder. Figure 12 . Material specimen shapes for medium intensity (type 1 -left) and high intensity (type 2 -right).
Material specimens were kept in place by graphite restraints to minimize the propagation of shock waves into the housing (thanks to shock impedances mismatch). The number of specimens per tier varied as a function of the radiation and nuclear interaction lengths of the sample material. The stainless-steel-made vacuum vessel hosted a series of view ports on its sides to allow online measurements and offline observations. Each of these ports housed an optically transparent window, designed to withstand internal vacuum and fragment impacts.
One view port allowed the transmission of a laser beam for laser Doppler vibrometer (LDV) measurements on type 1 specimens (lateral window). A second port was dedicated to the image acquisition of type 2 samples while exposed to high intensity shots. The vessel was equipped with UHV beryllium windows at the beam entry and exit ports. Medium vacuum (≤ 1 mbar) was required for the experiment. After installation in the tunnel, a pump placed on the table maintained suitable vacuum level, even after outgassing provoked by beam impacts.
Experiment digital acquisition system
Embedded and remote data acquisition systems were characterized and installed; during test runs, all measurement devices were synchronized by a machine (accelerator) trigger.
The whole instrumentation was designed in order to capture, in amplitude and frequency, the signals expected after beam impacts. Extensive simulations were performed during the design phase on materials for which more reliable constitutive models were available (Inermet and Glidcop) to specify DAQ requirements; Fig. 15 shows an example of the expected hoop strain on an Inermet specimen. Table 1 provides the main features of the DAQ system. Strains reaching out sample surface were measured via resistive strain gauges glued on the cylindrical face of both type 1 and type 2 samples: both azimuthal and longitudinal components were acquired. The temperature response of each material after the impact was monitored by PT100 thermal probes; a total of 244 strain gauges and 36 thermal sensors were installed.
Given the high radiation level expected during the experiment, only radiation-hard equipment could be installed in-situ. All embedded components (strain gauges, thermal sensors, adhesives, connectors and cables) had a resistance before failure higher than 250 kGy (10 times the expected prompt dose) [35] . Table 2 shows the resistance to radiation of each element: suggested operating ranges and failure prompt doses are reported [36] , [37] , [38] , [39] . Due to limitations as to the number of available cables in the HiRadMat facility, a radiation-hard multiplexing hardware was developed (8:1 In/Out ratio) and installed on the testbench. Multiplexer control was transferred to the surface control room, since underground facilities were not accessible during the experiment.
In order to validate the sampling frequency and maximum amplitude of the strain gauges, extensive tests were performed with a Hopkinson bar setup at Politecnico di Torino to reproduce the stresses and strains expected on the specimens.
Optical devices (laser Doppler vibrometer and high-speed camera) were remotely installed in order to protect them from the effects of radiations.
The LDV acquired the radial velocity on the outer surface of one cylindrical sample per tier. Thanks to the axial symmetry of the layout, radial velocities could be handily converted in hoop strains, after time integration, so to cross-check strain gauge measurements.
-15 -A high-speed camera was used to film the particle projection produced by impacts on type 2 specimens; the lighting necessary for the acquisition was provided by a battery of radiation-hard xenon flashes mounted atop the tank.
A system of precisely aligned mirrors was put in place to reflect the laser beam and the beam impact images back to the vibrometer and to the high speed camera, positioned inside a shielded bunker, 40m upstream of the experimental area.
Preliminary results
A very large amount of data was acquired during the experiment and is currently under intense post-processing. As said above, the main goals of the experiment were to corroborate the simulation methods, increasing confidence in advanced simulation techniques, validate existing material constitutive models and derive new constitutive models for less known materials. This is mainly done by benchmarking strains and velocities measured on the outer surface of the specimens as well as pictures taken during impacts on type 2 samples against simulation results and by post-irradiation analyses of impacted specimens. Records concerning better known materials (Inermet and Glidcop) were treated first.
Experimental data and numerical simulations were compared for type 1 Glidcop specimens. Table 3 summarizes most relevant parameters for experiment and simulations. Since for simulations, only Glidcop strength model was available [39] , the EOS and failure model of pure copper were adopted instead. In spite of this approximation and of the difference in beam transverse size, experimental measurements (strain gauges and LDV) and simulations are in very good agreement. In Fig. 16 , red, black and green dotted lines are referred to the hoop strains measured by strain gauges placed on the external surface with 90˚ azimuthal spacing: in principle, given the axial symmetry of load and geometry, the three lines should be superposed. Differences in measured values must be analysed, but are possibly mainly due to noise on cables and gauges during the acquisition as well as to errors on the beam impacting position. It is also interesting to note that electromagnetic noise induced by the particle beam perturbed the strain gauge measurements during a few microseconds after the impact, concealing the first deformation peak; however, this interference died out immediately after, allowing to capture the remainder of the phenomenon. The high-speed camera and flash systems allowed for the first time, to the best of authors' knowledge, to record images of the impact of a hadron beam on solid targets and of the effects this induced. The most remarkable phenomena occurred during beam impact on type 2 specimens made of Inermet, the material with the highest stopping power. Table 4 provides impact parameters for experiment and simulations. As shown in Figs. 17-18 , a large quantity of hot material was ejected at high velocity from the two most loaded Inermet samples; the high temperatures reached are confirmed by the intense light emitted by the fragments during a few hundred microseconds.
-17 - Both ejected particle front shape and velocity are consistent with high-speed camera acquired data (Fig. 18) , even considering the differences between real and the simulated scenarios.
The estimated velocity of the fragment front, as acquired, is ~275 m/s, well matching the simulated velocity of 316 m/s.
Discussion of preliminary results and future steps
The good fitting between numerical results and experimental measurements confirms the reliability of the simulation techniques and provides a positive indication on the validity of the EOS and strength model for Glidcop. The matching between captured pictures of Inermet explosion and SPH simulations goes in the same direction. Similar analyses will be performed in the near future on molybdenum for which constitutive models are existing (although less well established than for copper and tungsten).
However, additional sensitivity analyses are necessary to assess the influence of the extreme conditions reached at and around the most impacted areas of materials on the propagation of stress waves in the less loaded regions: this would be particularly important to ascertain if large fluctuations in the constitutive models at the most extreme conditions (for which data are less reliable) can be correctly inferred on the outer surface of the samples or if these tend to die out.
As said above, for novel materials the approach will be somehow different: combining measurements and theoretical work, constitutive models will be conjectured and implemented in the hydrocode models, then the comparison of simulations results with measured values should allow to iteratively converge towards consistent material models.
Post-irradiation: initial observations
Only limited and rapid visual observations were allowed after the experiment on account of the high residual dose levels. Valuable information was nevertheless gathered about the beam impact resistance of the densest materials (Fig. 19) . Inermet experienced a brittle failure, with no signs of plastic deformation on the brim of the damaged area and on the flat surface. The low-melting point of copper and nickel probably played an important role in determining the extent of damaged zone.
The simulated damage extension is consistent with experimental observations (Fig. 20) . It is interesting to note that, for the same energy and intensity, no apparent damage can be observed on the surface of molybdenum specimens, if we except a surface crack generated on a less loaded specimen, for which metallographic investigations must be performed, once the tank can be opened. A second pulse was shot on the same samples at double intensity with a vertical offset: a groove was this time produced on the surface of most loaded specimens; even -20 -so, its extension was still lower than in the Inermet case; Fig. 19 also evidences a ductile fracture, with plastic deformation confirmed by metallic burrs still attached to the samples.
Extensive post-irradiation analyses are to take place in future months once the set-up has reached a manageable level of activation. The post-irradiation campaign will be carried out in an adequately equipped laboratory and include visual observations, direct measurements, nondestructive and destructive tests as well as metallurgical observations of relevant specimens. This will contribute to complete material data which have been collected during the simulation and experimental phases.
Conclusions
A complex and comprehensive experiment has recently been carried out at CERN to assess the consequences of highly energetic particle pulses impacting beam intercepting devices: this is a fundamental issue in state-of-the-art facilities developed for high-energy particle physics.
The experiment aimed at the characterization, mostly in real time, of six different materials impacted by 440 GeV intense proton pulses. Chosen materials were a combination of relatively conventional metals and of novel composites, currently under development. The design of the test set-up required innovative solutions in terms of lighting, support stabilization, radiation resistance and noise control.
The test was a success under any point of view: all experiment systems (DAQ, electronics, and mechanics) worked properly in spite of the very harsh environment and of the technological challenges. The high-speed camera and flash systems allowed for the first time, to the best of authors' knowledge, to record images of the impact of a hadron beam on solid targets and of the effects this induced.
Preliminary measurements on Glidcop and Inermet specimens very well match results of advanced computations, confirming the reliability of the simulation methods and supplying promising indications on the validity of constitutive models used for these materials.
A very large amount of data is ready to be treated to help deriving constitutive models for the less known materials, namely for the novel composite material which were tested for the first time during the experiment.
An extensive post-irradiation campaign, implying direct observations, non-destructive and destructive testing, is to be launched in future months to complete the experiment and provide additional valuable information.
The experimental method presented in this paper may find applications to test materials under very high strain rates and temperatures in domains well beyond particle physics (severe accidents in fusion and fission nuclear facilities, space debris impacts, fast and intense loadings on materials and structures etc.), particularly when little explored radial shock waves are generated.
